Abstract: A chronic swelling of the arm may develop following damage to axillary lymph vessels during breast cancer treatment. Certain unusual pathophysiological features of postmastectomy oedema indicate that factors additional to lymphatic damage are important. One factor postulated previously is a haemodynamic abnormality. Forearm blood flow was therefore measured by venous occlusion plethysmography using both a conventional mercury strain gauge and a newer optical volumeter (Perometer ® ). The latter was initially assessed in healthy subjects.
Introduction
Chronic arm oedema following breast cancer treatment ('postmastectomy' oedema, PMO) is an iatrogenic condition affecting approximately one in four breast cancer patients. 1, 2 The arm may swell to as much as twice its original size, with a tendency to gradual deterioration even with treatment. Computed tomography shows that there is thickening of the skin and subcutis, with sparing of the muscle compartment. 3 The fundamental cause of the oedema is damage to the axillary lymph drainage routes during cancer treatment. In some patients venous outflow obstruction may contribute to the swelling.
The possibility has been raised that the pathophysiology involves vascular changes as well as changes to the lymph drainage system. Using venous occlusion plethysmography (VOP), Jacobsson 4 reported that forearm blood flow was increased by 40% per unit volume of forearm on the affected side when compared with the opposite normal arm. By examining the clearance of injected radioactive tracers he concluded that the site of this increase was the skin and the subcutaneous compartment, not the skeletal muscle. This finding, with its implication of increased microvascular flow and local filtration pressure, appeared to offer a possible solution to the puzzling feature of the pathophysiology of the oedema described recently. 5 It was found that the interstitial concentration of plasma protein was decreased in PMO, contrary to the expectation of a rise with simple lymphatic obstruction. Although several alternative explanations can be advanced for this finding, an attractive one is a rise in capillary filtration rate following the reported increase in microvascular perfusion in the skin. 4 Increased blood flow (without increased perfusion pressure) could in principle arise from either of two factors: (1) angiogenesis, i.e. an increase in the number of blood vessels; or (2) a decrease in the tone of existing resistance vessels. The former possibility would increase the capillary surface area available for filtration and the latter would allow capillary pressure to rise, leading to a fall in interstitial protein concentration, as observed. Increased filtration by either mechanism might overload an already compromised lymph drainage system, leading to oedema, so it was clearly important to follow up Jacobsson's report of increased blood flow per unit volume of tissue.
Regarding factor (1), structural evidence for microvascular changes has come from recent studies of forearm skin capillary density using intravital video-capillaroscopy. 6 It was found that capillary density was not reduced commen-surately with the degree of stretch of the skin of the PMO arm, indicating that growth of new capillaries had taken place at this site. Increased numbers of capillaries would present a larger surface area for fluid filtration, potentially increasing the load on the damaged lymph drainage system. Capillary density at other sites such as subcutaneous tissue and muscle has not been studied in PMO.
Regarding factor (2), vasodilatation of resistance vessels, cutaneous vascular control mechanisms were recently exhaustively evaluated in PMO arms 7 using laser Doppler fluximetry. No evidence was found for any defect in the control of blood flow that could result in sustained vasodilatation or increased capillary pressure. Indeed, the red cell flux signal was significantly decreased in the skin of the affected side, in apparent contrast with the findings of Jacobsson. 4 Further measurement of blood flow in PMO arms was therefore clearly important in elucidating the pathophysiology. However, with the traditional mercury-in-rubber gauge to record swelling rates during VOP, 8 flow in an oedematous arm may potentially be influenced by the tension of the gauge, the arm being more compressible than normal. A new non-compressive system, the Perometer ® , was therefore also used. This is a recently-validated optical device for measuring limb volume 9, 10 that can be used to measure rapid forearm (or calf) swelling rates during VOP without any compression of the forearm by the instrument.
The principal aim of this study was to compare blood flow in the PMO arm with that of the opposite, unaffected (or control) arm of the same subject. Prior to this, however, it was wished to assess the level of agreement between strain gauge plethysmography and optical plethysmography, and this was performed both on healthy forearms and on PMO forearms. In the healthy group, dominant and non-dominant arm blood flow were compared to assess intra-subject variability. Only one Perometer ® was available, so measurement of blood flow in the two arms of the subject was necessarily sequential.
Methods

Subjects
Twelve healthy subjects, seven male and five female (aged 20-49 years), were recruited from students and staff at St George's Hospital Medical School, London, UK. Seventeen women (aged 46-85 years) with unilateral PMO following breast cancer treatment were recruited from the Lymphoedema Clinic, The Royal Marsden NHS Trust, London and Surrey, UK. The right arm was affected in 10 patients and the left arm in seven. Two women had received radical mastectomies, three had received simple mastectomies and the rest partial mastectomies. Most (16) had received radiotherapy. One had received chemotherapy. Ten women were currently taking tamoxifen and a further three had completed a course. An elastic compression sleeve was worn during the daytime by all patients and the oedema was considered stable. Onset of oedema was 1 month-15 years (mean, 30.2 months; median, 12 months) after completion of breast cancer treatment, and duration of oedema was 15 months-40 years (mean, 9.1 years; median, 4 years). Since the object was not to compare one group with the other (the unaffected arms of the patients providing their own, Vascular Medicine 1998; 3: 3-8 paired comparison), it was not considered necessary to ageand sex-match the patient group with the healthy group.
No subject had cardiovascular disease and none was taking cardiovascular drugs. Caffeine-containing drinks were avoided for 3 h beforehand and the one subject from each group who smoked did not do so on the day of the study. Local Ethics Committee approval was given and informed consent obtained.
Equipment and setting up
This was as previously described. 10 Briefly, the forearm was supported on padded rests inside the measuring frame of the Perometer ® (300 S, Pero-System, Wuppertal, Germany). The frame was vertically oriented and square, containing rows of infra-red light emitting diodes and sensors. The arm interrupts light beams crossing the centre of the frame, and the change in volume with time of one 3.1-mm segment of forearm was recorded and blood flow calculated.
9,10 A mercury strain gauge (MSG) (Lectromed, St Peter, Jersey) was secured around the mid-forearm with the mercury-containing silicone loop (Esco silicone tubing, bore 0.5 mm, wall thickness 0.5 mm; Bibby Sterilin, Stone, Staffordshire, UK) under minimal tension and resting over a series of thin plastic strips that were glued to the skin. These spread the load applied by the slight tension of the loop, with the aim of minimizing any sinking-in (see 'Introduction'). The measuring site of the Perometer ® was 3 cm proximal to that of the strain gauge.
A blood pressure, or collecting, cuff (adult size; Accoson, London, UK) was wrapped around the upper arm and connected to an inflating unit and a compressor (Jun-Air, Nørresundby, Denmark). Cuff pressure was recorded using a SensoNor 840 pressure transducer and a PM-1000 CWE amplifier (Linton Instrumentation, Diss, Norfolk, UK). The cuff was enclosed in a non-expandable plastic sleeve to ensure rapid inward inflation. Because the arms were studied in sequence rather than simultaneously, blood pressure was monitored during the measurement of blood flow from each arm. Blood pressure was recorded from the middle finger of the hand opposite to the side being studied (held at heart level) of seven of the healthy subjects and of each of the patients using a Finapres monitor (2300, Ohmeda, Louisville, CO, USA). 11 An analogue signal of mean blood pressure was provided by an integrating device constructed by the St George's Hospital Medical Electronics Department.
Blood flows recorded by the Perometer ® were saved on computer disc. All other parameters were recorded on a sixchannel chart recorder (SE-400; Servogor, Goerz, Vienna, Austria).
Protocol
The subjects with PMO did not wear their compression sleeves on the day of the study. The subject emptied his/her bladder before the start of the experiment. The volume of each forearm from wrist to olecranon process was recorded using the Perometer ® . The start-and endpoints of the Perometer ® measurement were precisely aligned with the desired anatomical limits, as described in detail elsewhere. 9, 10 Arterial blood pressure was measured conventionally by auscultation using a sphygmomanometer over the brachial artery. This was measured from the control arm of the subjects with PMO. Each arm was studied in turn and the order in which the arms were studied (dominant, non-dominant and control, PMO) was alternated with each successive subject. The subject lay on the couch with the legs horizontal and the back supported at 45°with the longitudinal axis of the forearm 5-8 cm below the level of the mid-right atrium. The forearm could not be supported at (or above) heart level because of the design of the Perometer ® and difficulties were experienced by many of the patients in maintaining this position comfortably. A position 5-8 cm below heart level does not prevent expansion of the forearm veins when venous drainage is stopped, i.e. venous compliance remains high 5-8 cm below heart level. This is evident from the quasi-linearity of the traces in Figure 1 . Measurement of the initial slope (see below) of the volume recording enables arterial blood flow to be calculated. The right and left arms of each subject were always at the same horizontal level. The hand circulation was not excluded because a tight wrist cuff could exacerbate hand oedema. The MSG was calibrated on the arm. The laboratory was kept quiet during the experiment and ambient temperature was 25.5-27.5°C, varying by less than 1.0°C during any one experiment. Relative humidity was 30-57%.
Following 20 min of acclimatization, with the subject relaxed but not sleeping, warm and comfortable, the following inflation protocol was commenced. The collecting cuff was inflated to 45 cmH 2 O (33 mmHg) for 15 s and then deflated for 10 s. This was repeated seven to eight times. Forearm arterial blood flow was calculated in the standard way from the slope of the initial section of the arm volume recordings by both methods. The increase in volume with time was, in general, almost linear over the first 7-10 s (see Figure 1 ), facilitating the fitting of the initial slope. Initial slopes were fitted by eye. Any recordings affected by movement artefact were ignored.
Statistical analysis
Results are presented as mean Ϯ standard deviation (SD), unless otherwise stated. All comparisons within groups were made using the paired t-test. Regression analysis was performed using the method of least squares, and correlation coefficients and their significance levels were calculated. Differences were considered significant if p Ͻ 0.05. Analysis was performed using Microsoft Excel 7.0 software. 
Results
General
For the healthy subjects, initial brachial artery systolic blood pressure was 120 Ϯ 9 mmHg and diastolic was 79 Ϯ 7 mmHg. Finger blood pressures during the measurement of blood flow in each arm were very similar (for both groups) and are shown in the legend to Table 1 . The volume of the dominant forearm (the right side of 10 subjects and the left side of two, 1159 Ϯ 232 ml) was 1.03 Ϯ 0.02 times that of the non-dominant forearm (1122 Ϯ 225 ml). This difference ranged from 1% to 6% and was highly significant (p = 0.001). Skin temperatures were 33.3 Ϯ 1.8°C (dominant) and 33.5 Ϯ 1.6°C (non-dominant).
For the subjects with PMO, brachial artery systolic blood pressure was 141 Ϯ 17 mmHg and diastolic was 89 Ϯ 8 mmHg. The higher brachial and finger artery pressures compared with the healthy group reflect the greater age of the patients. The volume of the PMO forearm (1488 Ϯ 489 ml) was 1.52 Ϯ 0.36 times that of the control forearm (979 Ϯ 234 ml, p Ͻ 0.0001). Skin temperatures were 33.2 Ϯ 1.5°C (control) and 33.6 Ϯ 1.7°C (PMO).
Comparison of methods on one arm
Using the strain gauge (dominant and non-dominant arms together, healthy subjects), blood flow per unit volume of tissue was 4.12 Ϯ 2.04 ml/100 ml per min, while by the Perometer ® method the blood flow was not significantly different, being 3.96 Ϯ 1.62 ml per 100 ml per min (p = 0.42, n = 24). Representative strain gauge recordings from a PMO arm are shown in Figure 1 . The strain gauge and the Perometer ® results likewise did not differ significantly when tested on patient arms, whether on the control (p = 0.44) or the PMO side (p = 0.21). Mean values are shown in Table 1 . The differences between the strain gauge and Perometer ® blood flows (strain gauge minus Perometer ® ) on the three types of arm were: 0.16 Ϯ 0.95 ml/100 ml per min for healthy subjects (n = 24); −0.36 Ϯ 1.84 ml/100 ml per min for control arms of patients (n = 17, p = 0.25, unpaired t-test, arms of healthy subjects versus control arms of patients); and −0.75 Ϯ 2.22 ml/100 ml per min for PMO arms (n = 17, p = 0.08, healthy arms versus PMO arms).
Overall, it appeared that the strain gauge supported by plastic strips (to prevent sinking into the oedematous tissue) was as accurate a tool as the Perometer ® , allaying fears about its use in oedematous arms.
Comparison of arms
Blood flow in healthy subjects
Mean blood flows per unit volume recorded from the dominant and non-dominant arms of healthy subjects are shown in Table 1 . There was no significant difference between the arms of healthy subjects, whichever method was used. The mean difference (Ϯ SD) between the arms, i.e. dominant minus non-dominant, was 0.18 Ϯ 1.52 ml/100 ml per min for the strain gauge and 0.41 Ϯ 1.44 ml/100 ml per min for the Perometer ® . Sample size calculations were performed in order to predict the number of subjects required to detect a difference between the control and PMO arms of patients. For a standard deviation of differences ( D ) of 1.44 ml/100 ml per min with the MSG and 1.52 ml/100 ml per min with the Perometer ® , power analysis shows that a study involv- ing 12 pairs of arms should be able to detect a difference in flow between the two arms of 1.42 ml/100 ml per min (MSG), or 1.35 ml/100 ml per min (Perometer ® ), with a probability of 0.9 using a two-tailed t-test at significance level 0.05. 12 Assuming that D is of similar magnitude for pairs of arms in healthy middle-aged to elderly women, the present study of 17 pairs of arms should be able to detect a difference in flow between the arms of 1.19 ml/100 ml per min using the MSG, or 1.13 ml/100 ml per min using the Perometer ® . The power of the study was thus estimated to be adequate for the detection of relatively small (27-32%) differences in blood flow between the patients' arms.
Total forearm blood flow, calculated from forearm volume and flow per unit volume using the average of the two methods, was 51.40 Ϯ 29.33 ml/min in the dominant arm and 44.22 Ϯ 17.01 ml/min in the nondominant arm (p = 0.24).
Blood flow in subjects with PMO
Comparing the arms of patients, blood flow per unit volume of tissue was significantly lower in the PMO arm compared with the control arm when measured by strain gauge plethysmography. A similar but non-significant trend was evident with the Perometer ® ( Table 1) . In percentage terms, PMO arm blood flow was 33.3 Ϯ 10.2% less than the control arm when determined using the strain gauge, and 21.7 Ϯ 3.7% less (mean Ϯ SEM) using the Perometer ® . Inter-individual variation was marked, however, and whereas blood flow was less in the PMO arm in 12 subjects, it was greater in five. Average blood flow by the two methods was 3.95 Ϯ 2.30 ml/100 ml per min for the control arm and 2.87 Ϯ 1.47 ml/100 ml per min for the PMO arm. These values were also significantly different (p = 0.014). Blood flow in the PMO arm did not correlate with the duration of the swelling (r = −0.31, p = 0.22).
Although blood flow per unit volume was reduced in the PMO arm (cf. reference 4), that arm was of course greater in volume, raising the question of whether total blood flow throughout the affected arm was reduced, normal or increased. After multiplying by forearm volume on each side, forearm blood flow was found to be 40.72 Ϯ 28.70 ml/min on the control side and 41.78 Ϯ 22.11 ml/min on the PMO side (p = 0.77). Thus, when adjusted for the size of the forearm, mean total blood flow was virtually identical on the two sides in the patients. This indicates that the decrease in blood flow per unit volume that is due to the increase in tissue volume is brought about by oedema and Vascular Medicine 1998; 3: 3-8 associated fibro-fatty tissue growth. Figure 2 illustrates this concept. The blood flow per unit tissue volume that is to be expected purely on the basis of increase in volume has been calculated from the control arm blood flow and the ratio of arm volumes. This is plotted against the blood flow actually recorded from the PMO arm. Recorded blood flow and predicted blood flow were very similar (2.88 Ϯ 1.47 and 2.75 Ϯ 1.73 ml/100 ml per min respectively, p = 0.53, paired t-test). Ten subjects lay above the line of equality (predicted flow slightly greater than recorded flow), and seven subjects lay below it (predicted flow slightly less than recorded flow). The correlation coefficient was 0.87 (p Ͻ 0.0001) and the slope of the regression line was 1.03. 
Discussion
Methodology
The strain gauge did not yield significantly lower values when compared with the Perometer ® on PMO forearms. This indicates that the simple precaution of using plastic strips to spread the load of the mercury loop succeeded in preventing it from sinking into the arm. Although the strain gauge and Perometer ® sites were necessarily 3 cm apart, control studies using the Perometer ® at progressively more distal sites along the forearm showed that the exact level did not significantly influence the result. 10 The trend to larger differences between the two methods in control and (especially) PMO arms as opposed to healthy arms suggests that venous occlusion plethysmography is prone to greater error, possibly with both methods, in older or diseased arms. These have greater laxity of tissues and deviation from the smooth elliptical cross-section.
Blood flow in the PMO arm
The major and unexpected result (in the light of Jacobsson's opposite finding) was that blood flow per unit volume of tissue was lower in the PMO arm when compared with the opposite unaffected, or control, arm. This was evident with the strain gauge and a similar but nonsignificant trend was detected using the Perometer. The sample size analysis indicated that a larger sample would be needed for the Perometer ® in order to demonstrate a significant difference of a given size between the arms, presumably accounting for the lack of statistical significance. The difference was not evident in all individuals: approximately 70% of subjects had lower flow in the PMO arm and in the remainder it was increased. The analysis ( Figure  2 ) indicated that PMO arm blood flow could be closely predicted on the basis of control arm blood flow and arm volume ratio. The closeness of these values indicates that any new tissue formed in the oedematous subcutaneous space (and fibro-fatty tissue is known to be laid down here) is unlikely to have a substantial blood flow in these patients. An alternative interpretation, that any new vascular fibrofatty tissue was offset by reduced flow through pre-existing tissue, cannot be excluded however.
In contrast, Jacobsson 4 reported that resting blood flow per unit volume of tissue was significantly higher (by 40%) in PMO arms, the site of the increase being the skin and subcutis. This conclusion was based on observations that 125 I-labelled iodoantipyrine injected intracutaneously and subcutaneously had a higher clearance constant in the PMO arm for both injection sites. Clearance of intramuscular 133 Xe was similar in the two arms. There are a number of problems with local injection of tracer, including injection trauma leading to hyperaemia, limitation of clearance by capillary permeability rather than by flow and diffusion of the tracer away from the site of injection. 13 In a small series of patients with unilateral (mainly primary) leg lymphoedema, no significant difference was found in plethysmographically determined blood flow per unit volume, but total blood flow was significantly increased on the affected side. 4 Leg muscle blood flow, measured in a small number of mainly secondary lymphoedema cases by 133 Xe clearance, did not differ significantly between the two sides. 14 There are few such studies on lymphoedema in animals Vascular Medicine 1998; 3: 3-8 because of the difficulty in inducing it experimentally, but in one study on lymphoedema in the dog, venous blood flow per 100 g of tissue was significantly increased when compared with the opposite intact leg. 15 Evidence was presented for the development of an arteriovenous shunt circulation, later also reported in human leg lymphoedema. 16 Increased total venous flow in dog lymphoedema (measured by the indicator dilution technique) has also been described. 17 The number of capillaries has been reported to be increased in the subcutis in dog lymphoedema 18 and evidence for angiogenesis in the skin in human PMO has been cited, 6 but these findings do not necessarily imply increased blood flow. Indeed, laser Doppler red cell flux is decreased in the skin of the PMO arm. 7 In addition to obvious methodological differences, an unknown factor in all of these studies is the relative proportions of different types of soft tissue in the affected limb. The interstitial fluid volume is increased, particularly in the skin and subcutis, and probably to a markedly variable degree between subjects. It is well known that clinical examination may demonstrate soft, deeply pitting arm tissues, or in other subjects a more brawny or even 'fatty' condition. 19 In PMO of recent origin simple oedema presumably predominates. This would 'dilute' the blood vessels and reduce blood flow per unit volume if total arm blood flow is unchanged, as observed here. Fat cell hypertrophy often develops in postmastecomy and other forms of lymphoedema, surgical incision revealing substantial amounts of fatty tissue beneath the skin. Such factors could contribute to the difference between our observations and those of others, depending on the vascularity of newly formed tissue in the subcutis.
The type and degree of pathological change in PMO will depend on the degree of trauma at the time of the initial cancer treatment, the duration of the swelling, the treatment regime for the swelling, the pre-morbid lymph transport capacity and doubtless other factors (see reference 19 for review). The composition of the arm, in particular the relative proportions of simple oedema and solid swelling, probably changes with time and this could influence blood flow. There is a need for repeated investigation of the same PMO arm in the early stages in order to establish the evolution of vascular and other changes. Blood flows at or before the onset of swelling cannot be inferred from the present experiments on well-established PMO.
The conclusion is that in women with established PMO on current treatment regimes there is no substantial overall change in arm blood flow when the arm is stable, and that the moderate reduction in blood flow per 100 ml simply reflects the 'dilution' of blood vessels by simple oedema or poorly-vascularized tissue. It seems unlikely, therefore, that altered (raised) blood flow contributes significantly to the oedema present in the steady state.
